Human neutrophils respond to chemoattrac- 
GI-dependent activation of the mitogen-activated protein (MAP) kinase pathway In human neutrophils. C5a receptor ligation activates both B-Raf and Raf-i, with B-Raf activation overlapping but temporafly distinct from that of Raf-i. B-Raf and Raf-1 both efficiently phosphorylate MAP kinase kinase (MEK-1). C5a also stimulates guanine nucleotide exchange and activation of Ras. Ras and Raf activation in response to C5a involves protein kinase C-dependent and -independent pathways. Activation of both Raf-i and B-Raf was inhibited by protein kinase A stimulation, consistent with the inhibitory effects of increased cAMP levels on neutrophil function. The findings define a functional signal transduction pathway linking the neutrophil CSa chemoattractant receptor to the regulation of Ras, B-Raf, Raf-i, and MAP kinase.
Neutrophils are critical for the nonspecific host defense against infection (1) . Chemoattractants released at the inflammatory site recruit neutrophils by binding to specific receptors expressed on the neutrophil surface. Chemoattractant receptors for C5a and fMet-Leu-Phe are seven membrane-spanning receptors coupled to inhibitory heterotrimeric guanine nucleotide binding proteins (Gi proteins) (2, 3) .
Little is known about the neutrophil signal transduction pathways regulated by Gi-coupled chemoattractant receptors, except for the stimulation of phospholipase CP (PLC83) and phosphatidylinositol 3-kinase activities (4-6) followed by activation of phospholipase A2 (PLA2) and phospholipase D (7) . Other signal transduction events responsible for chemoattractant regulation of neutrophil function remain obscure.
Recent findings in fibroblasts have demonstrated that
Gi-coupled seven membrane-spanning receptors regulate the mitogen-activated protein (MAP) kinase pathway (8) . MAP kinase is known to phosphorylate and regulate a number of proteins potentially important in chemoattractant regulation of neutrophils. Defined MAP kinase substrates include the microtubule-associated proteins MAP-2 (9) and tau (10, 11); cytoplasmic PLA2, which is known to be activated in response to chemoattractants (12, 13) ; other serine-threonine kinases such as Rsk 90 (14) ; and several transcription factors including c-Myc, c-Fos, c-Jun, Elk-1, ATF2, and NF-IL6 (15) . 
MATERIALS AND METHODS
Preparation of Human Neutrophils. Human neutrophils were prepared by a method that minimizes lipopolysaccharide exposure, using plasma/Percoll gradients as described by Haslett et al. (16) .
To evaluate the ADP-ribosylation levels obtained with pertussis toxin (PTx) treatment, membranes (20 pg) (17) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. neutrophils (Fig. IA) . Similar to the chemoattractant activation of PLCg3 (4) and phosphatidylinositol 3-kinase (5, 6) , the C5a activation of MAP kinase was sensitive to pretreatment ofneutrophils with PTx (Fig. 1B) . The PTx inhibition of MAP kinase activation is consistent with the C5a receptor being dominantly coupled to Gi proteins in the human peutrophil (23) . MAP kinase stimulation in response to C5a is rapid and transient; maximal MAP kinase activity is observed within 3 min and returns to near basal levels by Phosphopeptide mapping demonstrated that Raf-1 and B-Raf phosphorylated the same sites on MEK-1 (Fig. 3) . The time course of B-Raf activation was different from that for both 22 Raf [a-32P]GTP in response to C5a was then monitored. The electropermeation protocol was necessary because of the difficulty in labeling the nucleotide pool with 32P1, as primary human neutrophils lose responsiveness within 4-6 hr after isolation. In response to C5a receptor ligation, Ras guanine nucleotide exchange was clearly activated (Fig. 4A) (Fig. 4B) , consistent with the COa activation of Ras requiring the coupling of PTx-sensitive G1 proteins to the C5a receptor. In T and B lymphocytes phorbol ester stimulation of protein kinase C leads to Ras activation (33, 34) . The phorbol ester PMA also stimulates Ras activation in human neutrophils (Fig. 4A) . The ability of PMA to activate Ras in human neutrophils indicated that stimulation of PLCOW in response to C5a could contribute to this response. COa receptor stimulation of Gi generates ai-GTP and fry subunits. The cellspecific PLC.3 type II that is activated by 3y was cloned from HL-60 cells (35) . Neutrophils express a PLCjS that is stimulated by G protein pfy subunits (36) , which would subsequently lead to the activation of protein kinase C in response to C5a.
Using Raf activation as a readout, the protein kinase C inhibitor GF109203X (37) inhibited the PMA response by >90%o (Fig. SA) . The C5a receptor activation of Raf was inhibited only 40-50%o by treatment of human neutrophils with GF109203X. This contrasts with the ability of PTx (1 pg/ml) treatment to inhibit =75% of the C5a receptor activation of both Raf-1 and B-Raf (Fig. 5B) . These findings are consistent with protein kinase C-dependent and independent pathways leading to activation of the Ras/Raf/MAP kinase regulatory kinase cascade. To obtain maximal responsiveness of the kinase cascade, contributions from both pathways appear necessary.
Protein Kinase A Regulation of the Raf/MAP Kinase Pathway. Recently it has been shown that there is cross-talk between the MAP kinase signaling pathway and the adenylyl cyclase signaling pathway (38) (39) (40) . In neutrophils, pretreatment with the cAMP analogue 8-[(4-chlorophenyl)thio]adenosine 3',5'-phosphate (CP-cAMP), inhibits the activation of Raf-1 and B-Raf in response to C5a. As shown in Fig. 6 Previously, it was shown that chemoattractants activated PLC(3 and promoted the mobilization of intracellular Ca2+ in a Gi-dependent fashion (4, 23) . Concurrent stimulation of PLA2 and phospholipase D is involved in the numerous physiological responses seen upon stimulation of the neutrophil. The regulation of the Ras/Raf-1/MAP kinase pathway by chemoattractants in neutrophils identifies a major signal transduction system defined previously in other cell types to be involved in cytoskeletal assembly (45, 46) and the regulation of PLA2 and arachidonic acid release (13) . In fibroblasts a functional Ras protein is apparently not required for Rho and Rac activation in response to growth factors (47) . Rho proteins are involved in the regulation of actin fiber assembly and the formation of focal adhesions (46) . Rac proteins are believed to stimulate actin assembly associated with pinocytosis and membrane ruffling (47) . Rac proteins are also important in regulation of the NADPH oxidase system in neutrophils (48) . Recently, it was reported that arachidonic acid was a potent regulator of Rac-GDI (GDP dissociation inhibitor) complexes (49) , suggesting that the regulation of PLA2 is critical in neutrophil function. The cytoplasmic PLA2 expressed in neutrophils is a substrate for p42 MAP kinase (12, 13 (51, 52) . Previously, it was shown that elevated levels of cAMP inhibited fMet-Leu-Phe-mediated phospholipase D activation by an unknown mechanism (53) . Although there are undoubtedly many substrates for protein kinase A in neutrophils, increased protein kinase A activity inhibits the stimulation of both Raf-1 and B-Raf in response to C5a. Thus, it is likely that the cAMP-mediated inhibition of Raf-1 and B-Raf are important in modulating the chemoattractant responses in neutrophils.
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